Background: Low-birth weight has been proposed to programme central adiposity in childhood. However, there is little information on associations between fetal weight gain and fat distribution within obese individuals. Objectives: To investigate associations between birth weight and postnatal weight gain with body composition in a sample of obese children and adolescents. Subjects and methods: Body composition was measured using anthropometry, dual-emission X-ray absorptiometry and the 4-component model in 45 male and 76 female obese individuals aged 5-22 years. General linear models were used to investigate associations between birth weight standard deviation score (SDS), or change in weight SDS between birth and follow-up, and body composition, adjusting for age, pubertal status, height and gender. Results: Birth weight SDS ranged from À1.86 to 3.46, and was inversely associated with current weight SDS after adjustment for height SDS. Birth weight SDS was weakly associated with waist and hip girths, but not waist-hip ratio or trunk fat, after adjusting for age, height, pubertal status and gender. Change in weight SDS was strongly associated with total and central adiposity. Conclusions: Despite incorporating substantial variability, birth weight SDS was only a weak predictor of tissue masses and their distribution in obese children. Variability in central adiposity was more strongly associated with the magnitude of postnatal growth, which in turn was weakly inversely associated with birth weight SDS. In a population uniformly characterised by excess body weight, postnatal weight gain exerted the dominant impact on adiposity and fat distribution.
Introduction
Although childhood obesity has been attributed to excess dietary energy intake or insufficient physical activity, [1] [2] [3] there is increasing interest in a wider range of factors which either drive, or mediate the effects of, these two behaviours. Much attention has been directed to investigation of the possible early origins of obesity, following studies demonstrating associations between early life exposures and subsequent obesity risk. [4] [5] [6] [7] For example, first-born children tend to have lower birth weight than their later-born peers, and to have higher risk of subsequent obesity. 8 Likewise, small for gestational age infants have been shown to undergo rapid catch-up growth during infancy, and to have increased levels of central abdominal fat in early childhood. 4 However, these associations appear to be dependent on the rapid infant growth.
Birth weight itself appears most consistently associated with later size and lean mass, 9 whereas associations between birth weight and later adiposity are inconsistent across populations, 9 possibly due to varying patterns of postnatal growth that cannot be addressed in such between-population comparisons. In particular, associations between birth weight and later fat distribution show wide variability, with studies variously showing positive, 10 negative [11] [12] [13] or null [14] [15] [16] associations with later central fatness. In many studies, such relationships are dependent on adjustment for current size. 9, 17 In the large Avon Longitudinal Study of Parents and Children cohort, birth weight did not predict central adiposity measured by dual-energy X-ray absorptiometry (DXA) 14 Although ponderal index at birth was associated with childhood trunk fat mass, this association disappeared after adjustment for total body fat, indicating no long-term effect of ponderal index on fat distribution. Most such work has focused on the general population, and hence has explored the body composition associated with a wide range of birth weight. Less attention has been directed to the obese, who by definition are characterised by excessive rates of postnatal weight gain. By investigating associations between birth weight and body composition in overweight individuals, any contribution of birth is less likely to be an artefact of adjustment for current size. Furthermore, possible birth weight effects may be magnified by the high rates of weight gain in postnatal life.
We therefore, investigated associations between birth weight and body composition in a sample of obese children, in whom body composition was measured by the 4-component model, as well as DXA and anthropometry for regional body composition.
Materials and methods
Obese children and adolescents were recruited into two body composition studies. Those included here were of white ethnicity, as previous studies have identified ethnic variability in body composition and shape [18] [19] [20] while ethnic variation in birth weight is also known. 21, 22 The first study aimed to compile reference data on healthy children and adolescents, extending into the adult range age at 22 years. 23 A proportion of these individuals were categorised as obese using the UK clinical body mass index (BMI) cutoff of the 95th centile, equivalent to a BMI standard deviation score (SDS) of 1.64. The second study recruited patients, using the same obesity categorisation, from several obesity clinics, in order to validate bio-electrical impedance instrumentation 24 and in some cases take part in studies of the treatment. For these patients, in all cases data from the first visit were used. Ethical approval for both studies was provided by the Ethics Committee of UCL Institute of Child Health and Great Ormond Street Hospital.
Anthropometry
Weight and height were obtained using standard protocols.
Weight was recorded using the balance from the whole-body plethysmograph (see below), regularly calibrated using known weights. Height was measured using a wall-mounted stadiometer, to the nearest 0.1 cm. BMI was calculated as weight (kg) divided by the square of height (m). Weight, height and BMI data were converted to SDS format using current UK reference data. 25, 26 Birth weight and gestational age were obtained from maternal recall, and were used to calculate birth weight SDS using the same reference data. Girths of the waist and hip were measured using a flexible non-stretchable tape, to the nearest 0.1 cm. Waist girth data were converted, in those o17 years, to SDS format using recently published UK reference data. 27 The waist-hip ratio was also calculated. Pubertal stage was categorised by self-report, using line drawings.
Body composition
A whole-body DXA scan was conducted using Lunar Prodigy instrumentation (Madison, WI, USA). Total body water was measured by deuterium dilution, correcting for proton exchange and for fluids consumed during the equilibration period as described previously. 28 Deuterium analyses were performed by isotope-ratio mass spectrometry (Delta-XP, Thermo-Fisher, Bremen, Germany). Body volume was measured using whole-body air-displacement plethysmography, using Bodpod instrumentation (Life Measurement Inc., Concord, CA, USA). 29 Lung volume was predicted using child-specific equations. The details of these measurements in our laboratory have been described previously. 30 The data on weight, body volume and total body water were used to calculate fat mass and lean mass (used here synonymously with fat-free mass), using the 4-component model. 31 
Statistical analysis
Regression analysis was used to explore the associations of birth weight SDS and weight SDS with height SDS. Correlation analyses and general linear models were used to explore associations of birth weight SDS with body composition outcomes, adjusting for age, height and gender. Model 1 adjusted for age and gender, while model 2 further adjusted for height and pubertal status. In order to clarify effects on central adiposity above and beyond those on total adiposity, we further adjusted waist girth for hip girth, and trunk fat mass for peripheral fat mass (calculated as the sum of arm and leg fat masses). To permit graphic analysis of the association between birth weight SDS and central fat mass, the residual of trunk fat mass for height was calculated, by obtaining the regression equations for the association of trunk fat mass (kg) with height (cm) in each sex as follows: The predicted value using this equation was then subtracted from the actual value to give the residual value.
Results
A total of 121 subjects (45 males and 76 females) were available for analysis. Characteristics of the study participants are given in Table 1 , stratified by gender. There was a Programming of body composition in obese children JCK Wells et al wide range of birth weight SDS (À1.86 to 3.46) as shown in Figure 1 , with mean value significantly greater than zero (D ¼ 0.24; Po0.009). Change in weight SDS averaged 2.31 (range À0.46 to 6.02), and the majority of values (114, or 94.2% of the sample) were positive, indicating substantial upwards centile crossing. Where change in weight SDS was negative, this was due to high values for birth weight SDS. Even where such individuals declined in SDS, they therefore tended to remain substantially above average in weight, and taking into account their height, their BMI categorised them as obese.
There was no significant association between birth weight SDS and current weight SDS (r ¼ À0.13), but a strong inverse association between birth weight SDS and weight change SDS (r ¼ À0.78; Po0.0001). In regression analysis, weight SDS was significantly associated with height SDS. Holding height SDS constant, birth weight SDS was inversely associated with weight SDS, indicating that for a given attained height, attained weight was greater if birth weight was lower (Table 2) .
Males had significantly greater weight, height, waist and waist-hip ratio than females. Body composition data are presented in Table 3 . There were four missing values for DXA and the 4-component model, due to these individuals exceeding the maximum weight limit for the DXA scanning table. Males had significantly greater body volume, body water and lean mass than females (Po0.05). Programming of body composition in obese children JCK Wells et al Correlations (r) between birth weight SDS and body composition outcomes were as follows: weight SDS r ¼ À0.13; height SDS r ¼ 0.13; BMI SDS r ¼ À0.16; waist-hip ratio r ¼ À0.03; waist SDS r ¼ À0.13, with none achieving significance whether the sexes were analysed together or separately. Figures 2-4 show, respectively, non-significant associations between birth weight SDS and waist SDS, waisthip ratio and trunk fat mass residual (adjusting for height). When the sexes were analysed separately, the correlations remained non-significant except that of birth weight SDS and residual trunk fat mass in males (r ¼ À0.31; P ¼ 0.04).
General linear model statistics, for the regression of body composition outcomes on birth weight SDS adjusting for height, age, pubertal stage and gender, are given in Table 4 . Height and age were significantly associated with all outcomes, while gender was significantly associated with lean mass and waist girth. Birth weight SDS was weakly associated with waist and hip girths. However, when waist girth was adjusted for hip girth, the magnitude of the effect was substantially reduced and not significant. When trunk fat was adjusted for peripheral fat mass, the inverse association with birth weight SDS was just outside the cutoff for significance (P ¼ 0.055). Table 4 also shows statistics for the general linear models testing associations between change in weight SDS between birth and follow-up, and body composition outcomes. In all models, change in weight SDS was a highly significant predictor. When waist girth was adjusted for hip girth it remained independently associated with change in weight SDS, though the magnitude of the effect (1.4 cm) was greatly The correlation was À0.13 in males (ns) and À0.05 in females (ns). Figure 4 Association between birth weight SDS and DXA trunk fat mass residual. Trunk fat mass was regressed on height. Trunk fat mass residual was calculated as the actual value minus the value predicted from the subject's height. The correlation was À0.31 in males (P ¼ 0.04) and À0.15 in females (ns). The correlation was À0.27 in males (ns) and À0.01 in females (ns).
Programming of body composition in obese children JCK Wells et al reduced by this adjustment. When trunk fat mass was adjusted for peripheral fat mass, it remained significantly associated with change in weight SDS, with each additional SDS of weight change increasing trunk fat mass by 0.7 kg, independently of effects on peripheral fat mass. Figure 5 shows the association between DXA trunk fat mass residual and change in weight SDS from birth to follow-up, adjusting for height. There was a strong significant association in both sexes, which remained after adjusting for age and height. Similar associations were observed for waist SDS and the waist-hip ratio.
Discussion
Much interest has recently been directed to possible early origins of childhood or adult obesity. 4, 5, 7, 32 Both reduced fetal weight gain, and factors associated with it (such as placental dysfunction and maternal smoking) have been reported to be associated with an increased risk of central adiposity in later life. 4 Recent studies have suggested that this central fat deposition tends to occur after infancy, starting around 2 years of age, 33 although this requires further study in other populations. While such studies have looked prospectively at the long-term consequences of poor fetal weight gain, it is valuable to look retrospectively at the fetal weight gain of those who have become obese, in order to investigate the contribution of fetal weight gain to the variability in their body composition. Such a study design is useful because obese children are relatively uniform in having achieved excess body weight. In many studies, associations between birth weight and later adiposity emerge only, or most strongly, after adjustment for current size. 9 Such adjustment is controversial, with debate as to whether birth weight itself, or change in size following birth, is the actual predictor of variability in the outcome. 17 This statistical issue is less problematic in obese children because, since they have all achieved excess size, they achieve empirically the scenario normally achieved via statistical adjustment. Furthermore, if fetal weight gain predicts later fat distribution, such effects might be magnified by high rates of weight gain in postnatal life, and hence easier to detect. Birth weight SDS in our sample had a mean value significantly greater than zero (D ¼ 0.24), but broadly covered the normal range, with the total range encompassing 5.23 SDS. Within the sample, birth weight SDS showed a (non-significant) correlation with height, as observed in many other studies, 9 but unlike those studies no crude association with current weight, lean mass or total fat mass was apparent. This is likely due to the fact that the magnitude of lean mass in obese children is dependent in part on their adiposity, as greater limb muscle mass is required to support their greater body weight. 34 Birth weight SDS was associated with significantly greater waist and hip girths, but not with waist girth after adjusting for hip girth. However, holding height SDS constant, birth weight SDS was inversely associated with weight SDS. This indicates that for a given attained height, those of lower birth weight tended to achieve a greater weight for their age and sex. This suggests in turn that poor fetal weight gain predicts greater catch-up growth, such that the level of postnatal weight gain exceeds that of height. Birth weight SDS was inversely associated with trunk fat, but this association did not achieve statistical significance, whether or not adjustment was made for peripheral fat. Each SDS birth weight reduced trunk fat mass by 0.35 kg, equivalent to 2.6% of the average trunk fat mass. Thus, the difference between those at þ 2SD and À2SD in birth weight would be 1.4 kg trunk fat mass, equivalent to 13.2% of the average value. This association was not evident in analyses that adjusted for age and sex but not current height ( Figures 3 and 4) , but as the final statistical model for trunk fat was of borderline significance (P ¼ 0.055), it would likely become significant in a larger sample size.
In contrast, each SDS of weight change was associated with 0.70 kg more trunk fat mass, equivalent to 5.2% of the average value. The difference between those at À2SD and þ 2SD of weight SDS change would be 2.8 kg, equivalent to 20.9% of the average value. Waist SDS and the waist adjusted for hip girth were likewise strongly associated with change in weight SDS.
Fetal weight gain therefore has much weaker influence on fat distribution in obese children and adolescents than in postnatal weight gain, and this association is likely due to the strong inverse correlation of birth weight SDS and weight change SDS (r ¼ À0.78), and the inverse association of birth weight SDS and current weight SDS adjusting for height SDS. Thus, while our data show that the magnitude of catch-up is critical for central adiposity, the magnitude of catch-up was Programming of body composition in obese children JCK Wells et al only weakly determined by fetal weight gain. This finding is consistent with detailed studies, which have elucidated the temporal emergence of central adiposity in those born small, attributing it to early childhood weight gain. In prospective studies, those born small and who stay small tend not to acquire such central adiposity. 35 The main limitation of the study was the lack of more detailed information on early growth. We used maternally recalled birth weight, and had no information on birth length, preventing the calculation of ponderal index. It is likely that length at birth accounts for some of the variability in height at follow-up, and this information would clarify the relative importance of weight and length gain in prenatal and postnatal life. Similarly, we were unable to ascertain in which period the excess weight gain occurred, or which period (if any) exerts a stronger effect on later fat distribution. For example, whether or not infant growth was rapid may be more important for accounting for variability in later fat distribution, as studies on small for gestational age infants have shown that while central fatness emerges after 2 years, the extent of this deposition is predicted by height gain in the first 6 months after birth. 33 A further limitation was the use of DXA to estimate regional fat masses. Previous studies have shown that DXA measures adiposity with variable bias, tending to overestimate fat mass in those who are fatter. 36, 37 Despite such inaccuracy in absolute values, DXA tends to rank fatness consistently with other techniques, and the technique is unlikely to have generated erroneous associations in our analyses. Total fat mass by DXA was very strongly associated with 4-component values in this study (r ¼ 0.98). However, it is possible that the discrepancy between the findings for trunk fat mass and waist-hip ratio derive either from inaccuracy of DXA, or inaccuracy of waist-hip ratios due to difficulties in locating the appropriate measurement site in some individuals. Although the sample size was not large, a wide range of body composition was incorporated within the sample, increasing the likelihood of findings any such associations. In summary, this study found very weak evidence of associations between fetal weight gain as indexed by birth weight SDS and later fat distribution in a sample of obese children. Variability in central adiposity was better explained by the magnitude of postnatal growth, with such associations of strong magnitude and highly significant. Birth weight SDS was weakly inversely associated with current weight SDS, adjusting for height SDS. In a population uniformly characterised by excess attained weight, postnatal rather than fetal weight gain, therefore, appears the dominant factor accounting for variability in later fat distribution.
